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Abstract 
Tungsten oxide films (WO3) were deposited on ITO/glass substrates with tungsten target in UHV by d.c. reactive 
magnetron sputtering. The WO3 films were deposited at various O2 flow rates from 5 to 20 sccm and various film 
thicknesses from 50 to 500 nm at 10 mTorr operating pressure as controlled by pressure control gate valve. The 
influence of O2 flow rate on structural, optical and electrochromic properties of WO3 films were investigated. All the 
WO3 films were found amorphous which were indicated by X-ray diffraction (XRD). The deposition rate of WO3 
films was decreased with increasing oxygen flow rate. The optical constants and transmission spectra of WO3 films 
were determined by spectroscopic ellipsometry (SE) and UV-Vis spectrophotometry, respectively. The 
electrochromic property of WO3 films was performed by cyclic voltametry measurement. The transmission change 
between colored and bleached states of WO3 films for oxygen flow rate of 5 sccm showed excellent electrochromic 
property which was strongly dependent on the film thickness. 
 
© 2010 Published by Elsevier Ltd.Selection and/or peer-review under responsibility of I-SEEC2011 
  
Keywords:  WO3; d.c. sputtering; Electrochromic 
 
                                                          
* Corresponding author. Tel.: +66 2 5644440; fax: +66 2 5644448. 
E-mail address: akamon@tu.ac.th. 
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
753C. Chananonnawathorn et al. / Procedia Engineering 32 (2012) 752 – 758
1. Introduction 
Since the discovery of the electrochromic phenomenon in tungsten trioxide, this material has remained 
the most promising candidate for large-scale use of electrochromic devices. Tungsten trioxide has been 
prepared by a variety of methods, including vacuum evaporation, sputtering, pulsed laser deposition, sol-
gel preparation and electrodeposition [1]. 
The electrochromism of WO3 films has been intensively studied in the last 30 years, but not all is clear 
at present. However, it is generally accepted that WO3 films in a bleach state (transparent) can be 
switched reversible to a colored state (dark-blue) by both insertion of ions and electrons to form tungsten 
bronze (MxWO3-y) according to the reaction in equation (1) 
 
   WO3-y +  xM+  +  xe-  MxWO3-y                                        (1)                                
 
where M+ is H+, Li+, Na+ or K+ ions [2]. The MxWO3-y films have intense blue, red or golden color 
which depends on the x value and process of ion insertion and electron injection [3]. Reported that a-
WO3-y films include mainly W+6 and W4+ states and the chemical formula can be written as W6+1-y W4+yO3-
y. The ion insertion reduced some W6+ states to W5+states.  The colored films therefore contain W4+, W5+, 
and W6+ states and the optical absorption is caused by small polaron transitions between the W6+ and W5+ 
states [4]. 
This paper is concerned with the preparation and properties of d.c. magnetron sputtered tungsten 
oxide films from a metallic tungsten target. The purpose of this study is to investigate the influence of 
oxygen concentration and films thickness on the electrochromic properties of the formed tungsten oxide 
films.  
2. Experimental details  
Tungsten oxide (WO3) films were prepared by reactive d.c. magnetron sputtering form a tungsten 
target (99.9% purity and 2 inch in diameters). Glass, ITO coated glass and silicon wafer were used as the 
substrates. The vacuum chamber was initially evacuated to ultra high vacuum (UHV) of 7.5×10-7 mTorr 
and total pressure during deposition was 10 mTorr that controlled by pressure control gate value. The 
sputtering power were fixed at 200 w for all deposition conditions.In this experiment, the WO3 films were 
studied two conditions of the oxygen flow rates from 5 to 20 sccm with fixing argon flow rate at 5 sccm 
and the film thickness of WO3 from 50 to 500 nm with fixing gases flow rate of oxygen and argon at 5 
sccm of both gases. The deposition conditions in this workwerepresented in Table 1. 
Table 1. Deposition conditions for WO3 film
Parameters Values (condition ,) Values (condition ,,) 
Oxygen flow rate(sccm) 5-20  5  
Argon flow rate (sccm) 5 5 
Deposition pressure (mTorr) 10  10 
Power (Watt) 200  200 
Target Tungsten Tungsten 
Deposition time (min.) 
Substrates 
 
Thickness (nm) 
15-165  
Glass/ITO, glass slide, silicon 
wafer 
a300  
2.43-24.33 
Glass/ITO, glass slide, 
silicon wafer 
50-500 
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The thickness of the WO3 films for the deposition time of 30 minute was measured by Spectroscopic 
Ellipsometry. The crystal structure and surface morphology were investigated by X-rays diffraction with 
a CuKĮ source (O = 1.54 Å) and scanning electron microscope (SEM, Hitachi S-4700) with a voltage of 
10 kV, respectively. Cyclic voltammetry measurements were carried out in 0.01 M H2SO4. A three 
electrode system was constructed, with the deposition specimen as the working electrode, Ag/AgCl
electrode as the reference electrode and Pt electrode as the counter electrode. The voltage applied 
between the counter electrode and working electrode was ±1.5 V using a scanning rate of 0.1mV/s. UV-
VIS-NIR spectra were taken as for the deposition specimen colored at -1.5 V and bleached at +1.5 V, 
respectively using a PerkinElmer UV-VIS-NIR WinLab spectrometer operated in the wavelength rang of 
250-2000 nm. Form the results of transmittance the optical density change ('OD) and the transmittance 
variation ('T) is defined in Equation (2) and (3), respectively
       
coloring
bleaching
logT
logT
ǻOD                                                            (2) 
                            coloringbleaching TTǻT                                                   (3) 
 
where Tbleaching and Tcoloring represent the transmission in the wavelength range of 380 -780 nm for the 
bleaching and coloring state, respectively. 
3. Results 
The deposition rate and thickness of WO3 films are shown in Fig. 1. The results showed that the 
deposition rate and thickness of WO3 thin films were decreased with increasing of oxygen flow rate.  
 
 
 
 
 
 
 
 
 
Fig. 1. Thickness and deposition rate of WO3 films prepared with various oxygen flow rate 
 
In fact, oxygen at high flow rate that affects the deposition rate of film by reducing the number of 
incident Ar ions on the W target. Therefore, the deposition rate was reduced by increase the oxygen flow 
rate. Besides, in the magnetron sputtering, higher content of oxygen increases the plasma impedance and 
decreasing the voltage difference between the cathode and the substrate [4]. This can cause the smaller 
incident energy of Ar ions on the target. 
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In this work, the WO3 films were deposited with the thickness about 300 nm of varying the oxygen 
gas flow rate between 5 to 20 sccm. The results of X-ray diffraction patterns of WO3 films were showed 
in Fig. 2. The results indicated that all the WO3 films were poor crystallinity or amorphous structure. 
However, these amorphous or nanocrystaline structure of WO3 films resulted in better electrochromic 
property than crystal structure [5] and another reason of enhance electrochromic property was high 
surface morphology and porous structure of WO3 films [6].  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. X-ray diffraction patterns of WO3 films prepared with varying different oxygen gas flow rates 
Fig. 3. SEM images of WO3 films deposited onto silicon wafer at various oxygen gas flow rate of  (a) 5, (b) 10, (c) 15, and (d) 20 
sccm 
Fig. 3 shows the cross section and top view of SEM images of WO3 films on silicon wafer with an 
oxygen gas flow rate in the range of 5 to 20 sccm. It could be seen that, the grain size of WO3 films 
decreased with increasing the oxygen gas flow rate. Increasing of oxygen gas flow rate that affected the 
structure of film with tend to dense structure. The WO3 film for coating condition of oxygen gas flow rate 
at 5 sccm (Fig. 3a) showed a relatively coarse voided columnar microstructure surrounded by additional 
cracks. A voided columnar structure is consistent with that predicted by the structure-zone model of 
sputtering operating at elevated working pressures >@. However, the WO3 films were prepared with 
controlling the working pressure at 10 mTorr, therefore, the structure of WO3 films was changed by the 
difference of the deposition rates.  
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Fig. 4. Transmittance spectra of as-deposited, colored and bleached for the system of glass/ITO/WO3 at oxygen of (a) 5 sccm (b) 
10sccm (c) 15 sccm and (d) 20 sccm 
 
The transmission spectra of glass/ITO/WO3 film deposited at various oxygen contents in the as-
deposited, colored and bleached state are shown in Fig 4. As-deposited and colored state of all the WO3 
film showed the same optical transmittance spectra. The color of the films changes to dark blue when H+ 
ions and electrons are electrochemically injected into these films. The WO3 film deposited at 5 sccm of 
oxygen gas flow rate shown a good colored state indicating that this film has a good electrochromic 
property.  The oscillations behavior of transmission spectra is interference effect due to the thickness ITO 
and WO3 film. 
  
 
 
 
 
 
 
 
 
 
Fig. 5. Cyclic voltammograms of glass/ITO/WO3 at various oxygen gas flow rates 
The electrochromic properties of the WO3 films were mainly examined by a cyclic voltammetry. 
Voltages between -1.5 to +1.5 relative to Ag/AgCl were applied with a scan rate of 0.02 mV/s. Fig. 5 
shows the cyclic voltammograme of the WO3 films. These WO3 films exhibited the know reversible color 
change from colorless to dark-blue couple. It could be seen that the WO3 film deposited with low oxygen 
gas flow rate that showed the high current density under applying the same voltages. The results indicated 
that the current density tend to decrease with increasing the oxygen gas flow rate. The changing of optical 
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-0.0020
-0.0015
-0.0010
-0.0005
0.0000
0.0005
0.0010
Cu
rr
en
t d
en
si
ty
 (A
/c
m
2 )
E(V)
 5 sccm
 10sccm
 15 sccm
 2osccm
300 600 900 1200 1500 1800 2100
0
10
20
30
40
50
60
70
80
90
100
wavelength(nm)
Tr
an
s
m
itt
an
ce
(%
)
Tr
an
sm
itt
an
ce
(%
)
Tr
an
sm
itt
an
ce
(%
)
Tr
an
sm
itt
an
ce
(%
) 5 sccm
300 600 900 1200 1500 1800 2100
0
10
20
30
40
50
60
70
80
90
100
wavelength(nm)
10 sccm
300 600 900 1200 1500 1800 2100
0
10
20
30
40
50
60
70
80
90
100
wavelength(nm)
 colored
bleached
 as-deposited
15 sccm
300 600 900 1200 1500 1800 2100
0
10
20
30
40
50
60
70
80
90
100
wavelength(nm)
20 sccm
(a)          (b) 
 
 
 
 
 
 
 
 
 
 
   (c)          (d) 
757C. Chananonnawathorn et al. / Procedia Engineering 32 (2012) 752 – 758
transmittance spectra (Fig. 4) corresponded with images of WO3 between colored and bleached state as 
shown in Fig. 6.  
The differences of transmittance spectra between colored and bleached in the visible-range of the 
WO3 films deposited with varying oxygen are showed in Fig 7. The results indicated that, the difference 
of transmittance increased with decreasing oxygen gas flow rates. 
Fig. 6. WO3 films images in colored and bleached state for the system of glass/ITO/WO3 at oxygen of (a) 5 sccm (b) 10 sccm (c) 15 
sccm and (d) 20 sccm 
 
 
 
 
 
 
 
 
 
Fig. 7. Difference of transmittance ('T) of glass/ITO/WO3 at various oxygen gas flow rates 
  
Fig. 8 shows the optical density change ('OD) of WO3 films prepared at various oxygen contents.  It 
can be seen that, the 'OD decreased with increasing oxygen flow rate. The optical density means the light 
absorption ability of electrochromic films and 'OD is the solar optical density change. Therefore, the 
WO3 film prepared with oxygen gas flow rate of 5 sccm is better than other conditions. 
Fig. 9 shows image in colored state of the glass/ITO/WO3 film systems with the film thickness of 
WO3 at (a) 50, (b) 100, (c) 200, (d) 300, (f) 400, and (g) 500 nm. The glass/ITO/WO3 film systems 
showed increasing the coloring state with increasing the thickness of WO3 thin films. 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Difference of transmittance ('OD) of glass/ITO/WO3 at various oxygen gas flow rates 
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                                    (a)              (b)              (c)              (d)              (e)             (f)  
Fig. 9. Images of colored state for the film systems of glass/ITO/WO3 at WO3 thick of (a) 50, (b) 100, (c) 200, (d) 300,                (e) 
400, and (f) 500 nm 
4. Conclusions 
The WO3 films were deposited by d.c. reactive magnetron sputtering with varying the oxygen gas 
flow rate from 5 to 20 sccm. The deposition rate of WO3 films decreased with increasing oxygen gas flow 
rate. The WO3 films deposited at low oxygen gas flow rate and high film thickness are found to exhibit 
better electrochromic properties. The enhanced electrochromism in these films is attributed to their low 
film density with showing voided columnar structure. Therefore, the color and bleach dynamics observed 
in these films is ascribed to the larger density of proton insertion and removal in the films. 
Acknowledgements 
The authors would like to thank the Nation Electronics and Computer Technology Center (NECTEC) 
for providing the experimental facilities and thank the Faculty of Science and Technology, Thammasat 
University for financially supporting this research.  
References
[1] Lin Y-S, Chiang Y-L, Yilai J. Effects of oxygen addition to the electrochromic properties of WO3 í z thin films sputtered on 
flexible PET/ITO substrates. Solid State Ionics 2009;180:99-105. 
[2] Subrahmanyam A, Karuppasamy A. Optical and electrochromic properties of oxygen sputtered tungsten oxide (WO3) thin 
films. Solar Energy Materials & Solar Cells 2007;91:266-274.  
[3] Lee SH, Cheong HM, Zhang JG, Mascarenhas A, Benson DK, Deb S. Electrochromic mechanism in a-WO3íy thin films. 
Appl. Phys. Lett. 1999;74(2):242-244. 
[4] Lu HH. Effects of oxygen contents on the electrochromic properties of tungsten oxide films prepared by reactive magnetron 
sputtering. Alloys and compounds 2008;465:429-435. 
[5] Yang T-S, Lin Z-R, Wong M-S. Structures and electrochromic properties of tungsten oxide films prepared by magnetron 
sputtering. Applied Surface Science 2005;252:2029-2037. 
[6] Livage J, Ganguli D. Sol–gel electrochromic coatings and devices: A review. Solar Energy Materials & Solar Cells 
2001;68:365-381. 
[7] Thornton JA. The Microstructure of Sputter-Deposited Coatings. J. Vac. Sci. Technol. 1986;A4:3059-3065. 
